The concentration of circulating total homocysteine is a sensitive marker of inadequate folate and vitamin B 12 status. Elevated homocysteine concentrations are associated with an increased risk for vascular disease.
Measurements:
Reference ranges (5th and 95th percentiles) for the total homocysteine concentration were defined among participants who were folate-and vitamin B 12 -replete and had normal creatinine concentrations. A high total homocysteine concentration was defined as one that exceeded the sex-specific 95th percentile for the reference sample (participants 20 to 39 years of age). The population attributable risk percentage was calculated to determine the contribution of low folate (Ͻ11 nmol/L) and vitamin B 12 (Ͻ185 pmol/L) concentrations to a high homocysteine concentration.
Results:
Reference ranges for serum total homocysteine concentration increased with age; these ranges were 4.3 to 9.9 mol/L for male participants and 3.3 to 7.2 mol/L for female participants 12 to 19 years of age and from 5.9 to 15.3 mol/L for men and 4.9 to 11.6 mol/L for women 60 years of age or older. A high homocysteine concentration was defined as at least 11.4 mol/L for male participants and at least 10.4 mol/L for female participants. Approximately two thirds of the cases of high homocysteine concentrations were associated with low vitamin concentrations.
Conclusions:
Upper reference limits for the serum total homocysteine concentration increased with age and were higher for male participants than for female participants at all ages. In most cases, high homocysteine concentrations were associated with low serum vitamin concentrations.
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For author affiliations and current addresses, see end of text. H omocysteine, a non-protein-forming sulfur amino acid, has attracted attention because elevated concentrations of circulating total homocysteine are associated with an increased risk for vascular disease (1, 2) . Homocysteine is also a sensitive functional marker of inadequate cellular folate and vitamin B 12 concentrations (3). Inadequate status of these vitamins has important health consequences that may be independent of their role in homocysteine metabolism. Low folate concentrations increase a woman's risk for having a baby with a neural tube defect (4, 5) , and an inadequate vitamin B 12 concentration is known to produce various neurologic and cognitive effects (6, 7) .
Persons with low circulating folate or vitamin B 12 concentrations have higher fasting total homocysteine concentrations (8 -10) , and elevated fasting total homocysteine concentrations are usually normalized by treatment with folic acid and vitamin B 12 (6, (11) (12) (13) (14) . However, less is known about the importance of these vitamins as risk factors for high homocysteine concentration in the general population. Only three studies have examined the relation between homocysteine concentration and its vitamin determinants in samples that were designed to be representative of U.S. national (8) or regional (9, 10) populations. One of these studies (9) reported that approximately two thirds of all cases of moderately elevated total homocysteine concentrations were potentially attributable to low vitamin concentrations, but estimation of the proportion of cases with high homocysteine concentrations that can be attributed to inadequate vitamin status is complicated by the lack of a standard definition of a high total homocysteine concentration. In the absence of a definition based on increased risk for an adverse health outcome, such as vascular disease, upper reference limits from samples of healthy persons without established risk factors for high homocysteine See editorial comment on pp 387-388.
concentrations have been used to define a high total homocysteine concentration (10, (15) (16) (17) .
We previously described the distribution of total serum homocysteine concentrations in participants 12 years of age or older from the third National Health and Nutrition Examination Survey (NHANES III), a population-based sample of U.S. residents (18) . These data present a unique opportunity to develop population reference ranges for serum total homocysteine concentration and to determine the extent to which elevated homocysteine concentrations are associated with low circulating vitamin concentrations in a representative sample of U.S. residents.
Methods

Participants
The NHANES III was developed to obtain nationally representative information on the health and nutritional status of the civilian, noninstitutionalized U.S. population (19, 20) . Homocysteine concentrations were measured as part of an NHANES III surplus sera project on serum samples from participants 12 years of age or older who were seen during phase II of this survey (1991) (1992) (1993) (1994) ). This project is described in greater detail elsewhere (18) . Homocysteine concentrations were measured at the Jean Mayer USDA Human Nutrition Research Center on Aging at Tufts University by using the high-performance liquid chromatography method of Araki and Sako (21) . The interassay coefficient of variation for this assay was 6%. Folate and vitamin B 12 were determined for phase 2 specimens at the Centers for Disease Control and Prevention central laboratory by using a Quanta Phase II radioassay kit (Bio-Rad Laboratories, Hercules, California), and analyses are described in detail in the NHANES III Laboratory Procedures Manual (22) . The coefficients of variation for folate and vitamin B 12 were 6% and 7%, respectively.
Informed consent was obtained from all respondents. The NHANES III protocol was approved by . This search identified 137 citations, of which 16 were reviews. We selected original studies that 1) were designed to be representative of national, regional, or local populations and 2) described the relation between circulating homocysteine concentrations and either intake or circulating concentrations of folate or vitamin B 12 . As of 1 March 1999, 3 articles met our criteria (8 -10) .
Statistical Analysis
We used sample weights in analyses to account for unequal probability of selection and nonresponse and to produce estimates of means and percentiles that were representative of the noninstitutionalized, civilian U.S. population. We used SUDAAN statistical software (23) to account for the complex survey design in the variance estimates.
Because total homocysteine, folate, and vitamin B 12 values were skewed, logarithmic transformations were applied. To show the relations between total homocysteine concentrations and vitamin concentrations, we classified participants into age-and sexspecific vitamin decile categories and estimated the geometric mean of the serum total homocysteine concentration within each decile. Analyses were adjusted for ethnicity and serum creatinine concentration. In addition, the relation between total homocysteine and folate concentrations was adjusted for vitamin B 12 concentrations, and the relation be- tween total homocysteine and vitamin B 12 was adjusted for folate concentrations. We tested the associations between homocysteine and vitamins for interactions with age, sex, and ethnicity. We tested for trend of total homocysteine concentration across vitamin concentrations by using linear regression with the logarithm of the continuous vitamin concentration as the independent variable, adjusting as described above. We showed the trend by using the SYSTAT LOWESS procedure to fit smoothed curves (24) to the geometric mean total homocysteine concentrations in the vitamin decile categories (25) .
It has been suggested that population reference ranges for the total homocysteine concentration be established in samples of persons without established risk factors for a high homocysteine concentration (10, (15) (16) (17) . For our reference sample, we included persons whom we assumed to be folateand vitamin B 12 -replete (that is, their serum concentrations of both vitamins were above the 50th percentile) and had normal serum creatinine concentrations (Ͻ90 mol/L for women and Ͻ110 mol/L for men). Pregnant women were excluded. We used the 5th and the 95th percentiles from the reference sample to estimate population reference ranges.
To identify the potential impact of low vitamin concentrations on high total homocysteine concentration, we needed to establish values for high total homocysteine and low vitamin concentrations. We used the sex-specific 95th percentiles in the participants 20 to 39 years of age (the reference sample) to define high total homocysteine concentrations for all age groups. We used this reference sample because homocysteine concentrations changed little with age in this group, unlike in the other age groups (18) . We defined low vitamin concentrations as a folate concentration less than 11 nmol/L (26, 27) and a vitamin B 12 concentration less than 185 pmol/L (28, 29) . We calculated the prevalence of high total homocysteine concentration; the prevalence ratio for high total homocysteine concentration; the attributable risk percentage; and the population attributable risk percentage for persons with low concentrations of folate, vitamin B 12 , or both compared with persons who had adequate concentrations of both of these vitamins. The attributable risk percentage estimates the excess cases of high homocysteine concentrations among persons with low vitamin concentrations, whereas the population attributable risk percentage takes into account the prevalence of low vitamin concentrations in the population and estimates the excess of high homocysteine concentrations associated with low vitamin concentrations in the entire population.
We used the design effect for total homocysteine concentration, which is the ratio of the complex sampling design variance derived by using SUDAAN software (23) to the simple random sample variance calculated by using SAS software (30) , to determine the recommended minimum sample size needed to achieve stable estimates of means, proportions, and percentiles according to the National Center for Health Statistics analytic guidelines (19) . On the basis of an average design effect of approximately 1.4 for our sample, means and medians derived from fewer than 42 participants, 10th and 90th percentiles derived from fewer than 112 participants, and 5th and 95th percentiles derived from fewer We categorized participants into three ethnic groups: non-Hispanic white, non-Hispanic black, and Mexican American. We excluded persons from other ethnic groups (n ϭ 436) because their inclusion produced unstable estimates of mean total homocysteine concentration after adjustment for ethnicity. Our analyses are based on 8086 participants with complete data on serum total homocysteine, folate, vitamin B 12 , and creatinine concentrations. Table 1 shows selected characteristics of the sample by sex and ethnic group. On average, nonHispanic white participants were the oldest and Mexican American participants were the youngest. Except among Mexican Americans, female participants were older than male participants. Serum homocysteine concentrations were higher in male participants than in female participants in all ethnic groups. Homocysteine concentrations were lower in Mexican American participants than in non-Hispanic participants. Serum folate concentrations were higher among non-Hispanic white participants than among non-Hispanic black and Mexican American participants. Vitamin B 12 concentrations were highest among non-Hispanic black participants and lowest among non-Hispanic white participants. Creatinine concentrations were higher in male participants than in female participants in all ethnic groups. They were highest for non-Hispanic black male participants and lowest for Mexican American male participants and were lower for Mexican American female participants than for non-Hispanic female participants. Table 2 shows the age-and sex-specific vitamin deciles used to define the categories shown in Figures 1 and 2. Folate Figure 1 shows the relation between serum total homocysteine and folate concentrations. A strong inverse association was seen at all ages in male participants and female participants (P for trend Ͻ 0.001). The magnitude of the difference in homocysteine concentrations from the lowest to the highest folate decile varied slightly by age and sex. These differences ranged from 6.2 mol/L in male participants 20 to 39 years of age to 3.5 mol/L in female participants 12 to 19 years of age. However, no statistically significant interactions were seen, which we interpret to mean that the strength of the relation between total homocysteine and folate concentrations did not vary by age, sex, or ethnic group.
Results
Geometric Mean of the Serum Total Homocysteine Level by Vitamin Decile Category
Vitamin B 12
The relation between total homocysteine and vitamin B 12 concentrations, shown in Figure 2 , was weaker than the relation between folate and total homocysteine concentrations. Higher geometric mean 12 concentrations was statistically significant in each age and sex category, but the magnitude of the difference in homocysteine concentrations across the vitamin B 12 decile categories was generally small. The difference between homocysteine concentrations in the lowest and highest vitamin B 12 categories ranged from 0.7 to 3.7 mol/L in all age and sex groups, except for male participants 60 years of age or older, in whom the difference was 5.3 mol/L. Despite the range of observed differences, no statistically significant interactions with age, sex, or ethnicity were observed, indicating that the relation between serum total homocysteine and vitamin B 12 concentrations was similar in these population subgroups.
Population Reference Ranges for Serum Total Homocysteine Concentration
The 5th and 95th percentiles for the total homocysteine concentration in the reference sample are presented as reference ranges ( Table 3) . We also included the 10th and 90th percentiles because the numbers of reference patients in some age and sex groups were not large enough to meet the criterion for stability of the 5th and 95th percentiles. The percentile values were consistently greater in male participants, although the range between the upper and lower percentiles was generally similar in participants of either sex. The ranges also tended to increase slightly with age regardless of sex.
Prevalence of High Homocysteine Concentration and Relation to Vitamin Concentrations
The prevalence of high total homocysteine concentrations, shown in Table 4 , was based on the sex-specific 95th percentile values for men and women in the reference sample (participants 20 to 39 years of age) ( Table 3 ). The prevalence of high total homocysteine concentration increased with age, but it was greater than 10% in all age categories except female participants 12 to 19 years of age. Even among male participants 12 to 19 years of age, the prevalence was twofold greater than that in the reference sample. Table 5 shows the mean total homocysteine concentration, the prevalence and prevalence odds ratio for high total homocysteine concentration, attributable risk percentage, and population attributable risk percentage for persons with low concentrations of folate and vitamin B 12 compared with persons who have adequate concentrations of both vitamins. These measures were adjusted for ethnic group and serum creatinine concentration, as well as for age and sex when appropriate. The mean total homocysteine concentration and prevalence of high total homocysteine concentration was greatest for both men and women who had low concentrations of folate and vitamin B 12 (P Ͻ 0.001 compared with persons who had adequate concentrations of both vitamins). The total population attributable risk for high homocysteine concentration associated with low concentrations of either vitamin was 62.9% in male participants and 66.4% in female participants, indicating that almost two thirds of cases of high total homocysteine concentrations in the United States are associated with low concentrations of folate, vitamin B 12 , or both. However, a low vitamin B 12 concentration alone contributed little to the prevalence of high total homocysteine concentrations in the entire population, as evidenced by its small contribution to the population attributable risk. The total population attributable risk associated with low concentrations of either vitamin decreased from approximately 75% in persons younger than 40 years of age to about 31% for persons 60 years of age or older.
Discussion
Our study describes the quantitative importance of folate and vitamin B 12 concentrations as determinants of total homocysteine concentration in a nationally representative sample of healthy adolescents and adults in the United States. The analyses demonstrate the importance of folate and vitamin B 12 as determinants of total homocysteine concentrations at the population level. More than 60% of the high total homocysteine concentrations in this sample were linked to low folate concentrations (with or without low vitamin B 12 concentrations). The important role of vitamin B 12 in homocysteine metabolism is indicated by the high attributable risk percentage among persons with low vitamin B 12 concentrations. However, vitamin B 12 concentration is much less important than folate concentration in the general population as a cause of high total homocysteine concentration because low vitamin B 12 concentrations are less prevalent.
Age seems to influence the association between high homocysteine and vitamin concentrations. Among persons 12 to 39 years of age, approximately 75% of the cases of high homocysteine concentrations were associated with low folate or vitamin B 12 concentrations. This decreased to about 30% of cases among persons 60 years of age or older. This finding occurred because of a decreased contribution of low folate concentration, but not low vitamin B 12 concentration, to high homocysteine concentrations in older persons. The age difference is probably explained by increased prevalence of low vitamin B 12 concentrations with age along with the accrual with age of other risk factors for high total homocysteine, such as declining renal function, a critical factor in homocysteine metabolism (1, 31, 32) and, possibly, estrogen status in women (1, 33) . Little is known about other factors that affect homocysteine metabolism at older ages.
Our results confirm the well-established role of folate and vitamin B 12 in homocysteine metabolism (6, 8 -14) . Homocysteine is formed during metabolism of methionine at the intersection of two metabolic pathways (3) . In a reaction catalyzed by a vitamin B 12 -dependent methyltransferase, homocysteine can acquire a methyl group from methyltetrahydrofolate to reconstitute methionine. Excess homocysteine that is not required for the regeneration of methionine is catabolized to cysteine by a pathway containing two vitamin B 6 -dependent enzymes.
Our findings are consistent with those of three earlier studies that considered these relations in representative population samples from Europe and the United States with more limited age ranges. Bates and colleagues (8) reported strong inverse associations among plasma homocysteine concentrations, serum folate and vitamin B 12 concentrations, and folate intake in a representative sample of 972 British men and women 65 years of age or older from the National Diet and Nutrition Survey. In the Hordaland Homocysteine Study (10), which was (Ն50th percentile) and with serum creatinine concentrations Ͻ 110 mol/L for male participants and Ͻ 90 mol/L for female participants. Pregnant women were excluded from the reference sample. † Did not meet sample size criteria (n Ն 224) for stability of estimated 5th and 95th
percentiles. ‡ The 95th percentile values from men and women 20 to 39 years of age were used to define high total serum homocysteine concentrations for all age categories. based on a representative sample of residents of Hordaland County, Norway, selected as part of a national cardiovascular disease risk survey, investigators observed a strong inverse association between folate intake scores and plasma total homocysteine concentrations in 11 941 men and women 40 to 67 years of age with no history of vascular disease, diabetes, or hypertension. In 1160 members of the original Framingham Heart Study cohort (67 to 96 years of age), which was originally designed as a representative sample of the adult population of Framingham, Massachusetts, total plasma homocysteine concentrations were inversely correlated with plasma folate and vitamin B 12 concentrations and folate intake (9) . This latter study also reported that approximately two thirds of patients with moderately elevated total homocysteine concentrations (Ն14 mol/L) were associated with low plasma concentrations of folate, vitamin B 12 , or vitamin B 6 . The homocysteine data from NHANES III present a unique opportunity to establish population reference ranges in a nationally representative sample of Americans. Investigators have recommended that reference ranges for total homocysteine be established in populations with apparently adequate vitamin status (10, (15) (16) (17) Our study has some limitations. First, despite the size of the study, we did not have sufficient numbers of patients in the reference sample to calculate stable estimates of the 2.5th and 97.5th percentiles. Instead, we used the 5th and 95th percentiles for establishing reference ranges, although some of our age-and sex-specific reference groups were not even large enough to meet the recommended criteria for stability for these less extreme percentiles.
Second, the fact that the NHANES homocysteine data are derived from a representative U.S. sample allowed us to estimate the contribution of low vitamin status to high homocysteine concentrations in the United States. However, our ability to estimate this contribution by using population attributable risk is limited by the dependence of this statistic on the definition of high total homocysteine concentration, for which no generally accepted definition is available. Ideally, the definition of a high circulating homocysteine concentration should be based on some health outcome, such as risk for vascular disease. However, a threshold total homocysteine concentration associated with increased risk for vascular disease has not been clearly established. Most studies suggest that homocysteine concentrations of 10 to 12.5 mol/L or higher are associated with significantly increased risk for vascular disease (34 -36) , and Malinow and colleagues (37) reported an elevated risk for thickening of the carotid artery intima media starting at total homocysteine concentrations as low as 8.3 mol/L. Lacking any standard definition based on disease risk, we used the upper reference limit from vitamin-replete young adults to define high total homocysteine concentration. Even though the strategy that we used to define high homocysteine was not based on vascular disease risk, it is unlikely that our estimates of population attributable risk of high homocysteine associated with low folate and vitamin B 12 would be altered substantially if a strategy based on risk was used to define high homocysteine concentration; our cut-off values (11.4 mol/L for men and 10.4 mol/L for women) fall within the range of values associated with increased risk for vascular disease (34 -37) .
Third, our estimates of population attributable risk are dependent on our definitions of low vitamin concentrations. The values we used to define "low"-less than 11 nmol/L for folate and less than 185 pmol/L for vitamin B 12 -are not those commonly used to define deficiency. We used the designation of "low" to include not only vitamin-deficient persons but also those whose vitamin concentrations fall in the range between apparently deficient and apparently adequate (26 -29) . There is metabolic evidence of insufficient vitamin status (9, 29) , as well as evidence of clinical abnormalities (28) , within this range. Our cut-off value identified almost half of the U.S. population as having low circulating folate concentrations. The data are consistent with the information from the NHANES III sample on folate intake, which indicated that 50% of the U.S. population had folate intakes well below the recommended dietary allowance (38) . Finally, the use of nonfasting serum samples may have affected the observed relation between homocysteine and its vitamin determinants (15% of the samples were from persons who fasted Ͻ6 hours), although homocysteine and vitamin concentrations in NHANES III were not significantly affected by length of fast (18, 39) .
In conclusion, these data from NHANES III show that folate and, to a lesser extent, vitamin B 12 concentrations in a large segment of adolescents and adults in the United States from 1991 to 1994 were not sufficient to prevent high total homocysteine concentrations. However, the role of folate as the principal determinant of high homocysteine concentrations in this population may be changing. Since the completion of this survey, the U.S. Food and Drug Administration published a regulation that all enriched grain products be fortified with folic acid by January 1998 (40) . The first report on the effect of folic acid fortification indicated a 92% reduction in the prevalence of circulating folate concentrations less than 7 nmol/L and a 48% reduction in prevalence of homocysteine concentrations greater than 13 mol/L (41). Comparison of the NHANES III data with those from similar surveys conducted after full implementation of folic acid fortification of grain products will be required to assess the impact of fortification on total homocysteine concentrations.
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